We have determined the sequences of the 3'-terminal ^100 nucleotides of [5'-32 P]pCp-labeled wheat mitochondrial, wheat cytosol, and E. coli small subunit rRNAs. Sequence comparison demonstrates that within this region, there 1s a substantially greater degree of homology between wheat mitochondrial 18S and E. coli 16S rRNAs than between either of these and wheat cytosol 18S rRNA. Moreover, at a position occupied by 3-methylur1dine in E. coli 16S rRNA, the same (or a very similar) modified nucleoside is present in wheat mitochondria! 18S rRNA but not in wheat cytosol 18S rRNA. Further, E. coli 16S and 23S rRNAs hybridize extensively to wheat mitochondrial 18S and 26S rRNA genes, respectively, but wheat cytosol 18S and 26S rRNAs do not. No other mitochondrial system studied to date has provided comparable evidence that a mitochondrial rRNA is more closely related to its eubacterial homolog than 1s its counterpart in the cytoplasmic compartment of the same cell. The results reported here provide additional support for the view that plant mitochondria are of endosymbiotic, specifically eubacterial, origin.
INTRODUCTION
Ribosomal RNA (rRNA) sequence data have been instrumental 1n solidifying the view that chloroplasts are of endosymbiotic, specifically eubacterial, origin [1] . In contrast, no comparably compelling evidence for a similar origin of mitochondria has emerged from recently published primary sequence data for small and large subunit mitochondrial rRNAs from animals [2-6], fungi [7, 8] and protozoa [9] and mitochondria! 5S rRNA from plants [10, 11] . Strong support for an endosymbiotic origin of mitochondria has_ come from comparisons of Tj oligonucleotide catalogs that demonstrate the eubacterial nature of the mitochondrial small subunit (18S) rRNA of wheat [12, 13] . However, even these data have been given an alternative interpretation [14] , one consistent with either an endosymbiotic [15] or autogenous [16] evolutionary origin. To resolve this point, we have now directly determined the sequences of the 3'-terminal ^100 nucleotides of wheat mitochondrial, wheat cytosol, and Escherichia coli small subunit rRNAs, and obtained information about the location and nature of modified nucleoside constituents in this region of the three rRNAs. These data, together with the results of heteroiogous hybridization between E. coli rRNAs and wheat mitochondria! DMA (mtDNA), strongly reinforce the idea that wheat mitochondrial 18S rRNA is of specifically eubacterial origin.
MATERIALS AND METHODS
Wheat mitochondrial and cytosol 18S rRNAs were extracted from small Hbosomal subunits isolated as described [17, 18] . In the case of the cytosol ribosomes, the initial homogenate was prepared by grinding 10 g of viable wheat embryos and 50 ml 5 mM Mg(OAc) 2 -60 mM KC1 -50 mM Tris-HCl (pH 7.6) in a chilled mortar.
Total RNA from purified wheat mitochondria (= mitochondrial RNA) or from a post-mitochondrial supernatant (= cytosol RNA) was prepared [17] and resolved into fractions soluble (= 5S rRNA + tRNA) and insoluble (= 26S + 18S rRNA) in 1 M NaCl at 0-5°C. E. coli 23S + 16S rRNA was obtained from Miles Laboratories.
Purified 18S rRNAs or the NaCl-1nsoluble RNA fractions were 3'-endlabeled with [5'-32 P]pCp (as in [19] , but at 0°C) and the labeled components were resolved by polyacrylamide gel electrophoresis (2.5%, 5 hr, 500 V).
To determine 3'-term1nal nucleoside residues, end-labeled rRNAs were hydrolysed with alkali and the resulting V (3' )-nucleotides were resolved by two-dimensional thin-layer chromatography [20] .
Nucleotide sequence analysis was carried out by partial chemical [21, 22] and partial enzymatic [23, 24] degradation methods. End-labeled products were resolved in 10? or 20* polyacryl amide gels (33 X 40 X 0.05 cm) 1n the presence of 7 M urea.
Discrete 3'-terminal fragments were prepared from both wheat mitochondrial 18S rRNA (41-and 42-base fragments) and E. coli 16S rRNA (45-base fragment) by subjecting 3'-end-labeled RNA to the usual C-specific chemical sequencing reaction (3 M NaCl in hydrazine [21] ). The resulting 3'-terminal fragments were purified in lOt polyacrylamide gels and, in parallel with 3'-end-labeled Intact rRNAs, hybridized under stringent conditions (2 X SSC/50% forraamide, 42°C) to restriction endonuclease fragments of wheat mtDNA [17] .
RESULTS

Primary sequences
Sufficient Information was obtained from chemical and enzyme sequencing gels ( Fig. 1 and 2 and others not shown) to determine the sequences of -vlOO nucleotides at the 3'-ends of wheat mitochondrial, wheat cytosol, and E. coli small subunit rRNAs (Fig. 3) . The unusually strong C-spec1fic chemical cleavage at position 42 1n the mitochondrial 18S rRNA (Fig. 1A and 2A) , but not at the analogous position (40) in the cytosol 18S rRNA (Fig. 2C) , prompted us to examine the behaviour of E. coli 16S rRNA in these sequencing reactions. As shown in Fig. IB and 2B , an identical, anomalous, C-specific cleavage was observed at the corresponding position (45) in this molecule. Because this cleavage was virtually quantitative, an alternate C reaction [22] was used to determine C residues beyond this position in wheat mitochondrial 18S and E. coli 16S rRNAs (C track, Fig. 1 and 2) . The resulting sequence for the 3'-end of the latter (Fig. 3) is in complete agreement with published data [25, 26] . Figure 3 . Alignment of 3'-terminal sequences of small subunit rRNAs. Length heterogeneity in wheat cytosol and mitochondrial 18S rRNAs is indicated by the bracketed residues at the 3'-terminus, which are absent in a proportion of the molecules. Dashes near the immediate 3'-terminus denote absence of a "ShineDalgarno" [30] sequence in the cytosol and mitochondrial small subunit rRNAs. The highly-conserved sequence delineated by the rectangle is a single-stranded region connecting two helical regions in secondary structure models of small subunit rRNAs [31] . Residues which appear from RNA sequence analysis to be post-transcriptionally modified are indicated by (*). Solid bars denote sequence identity in pairwise comparisons between adjacent rRNAs (wheat cytosol vs. wheat mitochondria, wheat mitochondria vs_. E. coli, E. coli vs. maize chloroplast). Underlined residues denote regions of sequence identity between hamster mitochondrial or yeast mitochondrial and E. coli small subunit rRNAs.
Length heterogeneity of wheat mitochondrial 18S rRNA was suggested by the several 3'-terminal fragments produced by C-specific chemical cleavage ( Terminal heterogeneity 1n wheat cytosol 18S rRNA was also evident from sequencing gels (ca_. 10X of the molecules lacked the ultimate G residue) and was confirmed by 3'-end analysis (which gave 84% G, 11.5% U). These results are consistent with those of Azad and Lane [27] but 1n contrast to those of Darzynkiewicz et^ aj_. [28] , who observed some 3'-terminal A residues in their preparations of wheat cytosol 18S rRNA. Except for this discrepancy, the primary sequence data reported here (F1g. 3) agree with, and considerably extend, the known [28] 3'-terminal sequence of wheat cytosol 18S rRNA. It should be noted that 3'-terminal heterogeneity in the mitochondrial and cytosol 18S rRNAs is unlikely to be a preparative artifact, since the same extent of heterogeneity was observed whether each 18S rRNA was isolated from total mitochondrial or cytosol RNA (prepared by direct phenol extraction of intact mitochondria or whole embryos, respectively) or from purified ribosomal subunits.
Assessment of primary sequence homologies and potential secondary structure In F1g. 3, the 3'-terminal sequences reported here for wheat mitochondrial, wheat cytosol, and E. coli small subunit rRNAs have been aligned with each other and with those of maize chloroplasts (DNA sequence; [29] ) and representative animal (hamster [2]) and fungal (yeast [50]) mitochondria. No allowance has been made for possible Insertions and deletions, except at the immediate 3'-end, where 1n the mitochondrial small subunit rRNAs (Including that of wheat) there is no obvious "Shine-Dalgarno" [30] sequence (CCUCC in Eĉ oli and maize chloroplast 16S rRNAs; positions 4-8). Excluding this region, the 3'-tenn1nal sequence of wheat mitochondrial 18S rRNA is clearly eubacterial (Fig. 3 and Table 1 ), being as closely related to E. coll 16S rRNA (72* Identity) as is maize chloroplast 16S rRNA, but only distantly related to wheat cytosol 18S rRNA (53* Identity). On the other hand, the hamster and yeast mitochondrial small subunit rRNA sequences are each about equally divergent from those of wheat cytosol, wheat mitochondria, maize chloroplasts, and E. coli (Table 1) . While wheat mitochondrial 18S and maize chloroplast 16S rRNAs are more closely related to E. coli 16S rRNA than 1s wheat cytosol 18S rRNA, hamster and yeast mitochondrial small subunit rRNAs are less closely related (Tablel).
Residues 11-34 of the mitochondrial 18S sequence can be folded into the hairpin structure characteristic [31] of this region of all small subunit rRNAs (Fig. 4) . The base-paired stem differs from that of E. coli 16S rRNA at only three out of twenty positions, affecting two base pairs. Position 24 is occupied by a G residue, as 1s the homologous position 1n small subunit rRNAs from E. col 1, maize chloroplasts, and animal and fungal mitochondria. Eukaryotic cytosol 18S rRNA has a U in this position.
Patterns of post-transcript1onal modification
Anomalies in the chemical and enzymatic sequencing gels, attributable to altered reactivities of post-transcriptionally modified residues, provided Table 1 .
Percentage identity within the 3'-terminal region of diverse small subunit rRNAs* [33] . In wheat cytosol 18S rRNA, the same position is occupied by unmodified U (Fig. 2C) .
We note that a similar anomalous C-specif1c cleavage was recently reported at the same position in Anacystis nidulans 16S rRNA [34] , although 1n this case, cleavage was attributed to an effect of secondary structure rather than to enhanced reactivity of a modified residue. However, all small subunit rRNAs appear to have a very similar secondary structure within the 3'-term1nal 50 nu- Chemical sequencing of 3'-end-labeled E. coli 16S (but not wheat mitochondrial 18S) rRNA revealed an unexpected, fainter band 1n both the C and U tracks at position 77, above the very intense band corresponding to C-spec1f1c cleavage at position 45 (F1g. IB and 2B). This may Indicate the presence of an unsuspected modification at this position (a C in the DNA sequence [25] ) in the bacterial 16S rRNA.
We found residue 27 1n E. coli 16S rRNA to be resistant to both RNase T t (not shown) and dimethyl sulfate (Fig. IB) but normally reactive with diethylpyrocarbonate (Fig. IB) , consistent with published observations on E. coli [36] and Proteus vulqaris [37] 16S rRNAs. The corresponding residue in wheat mitochondria! 18S rRNA (G24) was also resistant to dimethyl sulfate (Fig. 1A) , reacted normally with diethylpyrocarbonate, but was_ cleaved by RNase Tj (Fig.   1C ). Van Charldorp et al_. [36] have concluded that position 27 in E. coli 16S rRNA is occupied by f^2-methylguanosine, but we are presently uncertain about the modification status of this residue in the mitochondrial 18S rRNA. residues at these positions [26] and we infer the same for both the wheat mitochondria! and cytosol 18S rRNAs (m|A has been identified in the latter [38] , in the sequence .. .m|A-m|A... [39] , and tentatively identified in the former [40] ).
Heterologous rRNA-mtDNA hybridization Hybridization experiments (Fig. 5) provided a further demonstration that the 16S and 23S rRNAs of E. coli both share extensive homology with the corresponding wheat mitochondrial rRNA genes. E. coll 23S rRNA hybridized specifically to those restriction fragments previously reported [17] to contain wheat mitochondrial 26S rRNA coding sequences (Fig. 5A) , whereas the 16S rRNA hybridized to all of the same fragments (Fig. 5B) as wheat mitochondrial 18S rRNA (Fig. 5D ) in each restriction digest. Under the hybridization conditions used, we previously found [17] no significant cross-hybridization between wheat cytosol rRNAs and wheat mtDNA. Somewhat unexpectedly, no hybrid formation was detected with the 45-base, 3'-term1nal fragment of E. coli 16S rRNA (Fig. 5C ) under conditions in which hybridization of the 42-base, 3'-tenn1nal fragment of wheat mitochondrial 18S rRNA readily occurred (Fig. 5E ). Presumably this reflects the destabilizing effect of mis-matches between the E. coli 16S fragment and wheat mitochondrial 18S rDNA within the m|A stem region, as well as lack of a Shine-Dalgarno sequence in the latter. The result does emphasize that sequence homology between E. coli 16S and wheat mitochondrial 18S rRNAs is not confined solely to the inmediate 3'-terminal region, but must be more widely distributed within these two molecules, and even more extensive than that shown in Fig. 3 . These results confirm and extend the observations of Koncz and Sain [41] , who previously demonstrated hybridization of E. coli rRNAs (mixed 23S + 16S) to restriction fragments of maize mtDNA.
Number and orientation of wheat mitochondria! 18S and 5S ribosomal RNA genes Genes for wheat mitochondrial 18S and 5S rRNAs are closely linked in the wheat mitochondrial genome [17] . In addition, both 18S and 5S rRNAs hybridize with multiple fragments in various restriction digests ([17] and Fig. 5) . The availability of a probe encompassing only the 3'-terminal 42 residues of wheat mitochondrial 18S rRNA has allowed us to make further deductions about the number and arrangement of 18S and 5S rRNA genes in wheat mtDNA.
Hybridization of the 42-base, 3'-fragment to Ec£ RI and Sal_ I restriction fragments of wheat mtDNA gave the same pattern as intact 18S rRNA (F1g. 5D \rs_. 5E). This suggests that each of these fragments (four in the case of Ec£ RIrestricted mtDNA) contains an 18S rRNA gene and therefore that there are at least four copies (or, four different arrangements) of the 18S rRNA gene in wheat mtDNA. Hybridization of the 42-base, 3'-fragment to Xh£ I-restricted mtDNA (F1g. 5E) gave only one of the five bands observed when intact mitochonwheat E. coli mitochondria Autoradlograms showing the Southern [49] hybridization patterns obtained with Eco RI (E), Xho I (X), and Sal I (S) restriction fragments of wheat mtDNA probed with intact E. coli 23S rRNA (A), intact E. coli 16S rRNA (B), the 45-base, 3'-terminal fragment of the 16S rRNA (C), intact wheat mitochondrial 18S rRNA (D), and the 42-base, 3'-terminal fragment of the 18S rRNA (E). All RNA probes were labeled at the 3'-end with [5'-32 P]pCp. Discrete 3'-terminal fragments were prepared as described in METHODS.
drial 18S rRNA was used as a probe (Fig. 5D ). This result, taken together with the observation that mitochondria! 5S rRNA also hybridizes exclusively to this same band in Xho_ I digests of wheat mtDNA, but gives the same pattern as 18S rRNA when used as a probe against Sal I-and Eco Rl-restricted mtDNA [17] , suggests that (i) there are Xho_ I site(s) within the 18S rRNA gene, (ii) the wheat mitochondrial 5S rRNA gene is close to the 3'-end of the 18S rRNA gene, and (ill) there is a single, basic structural unit encoding the 5S and 18S
rRNAs, but sequences flanking this unit vary.
DISCUSSION
The data reported here strongly reinforce the conclusion of a previous T x oligonucleotide cataloging study [12, 13] that wheat mitochondrial 18S rRNA 1s eubacterial in nature, providing additional support for an endosymbiotic origin of plant mitochondria. In contrast, mitochondria! rRNA sequence data have not provided unequivocal support for an endosymbiotic, eubacterial origin of animal [2-6], fungal [7, 8] and protozoan [9] mitochondria. A recent computerbased analysis of six relatively conserved regions of diverse small subunit rRNA sequences did reveal more Identity between mitochondrial and eubacterial/ chloroplast sequences than between the homologous mitochondrial and eukaryotic cytosol ones [42] . However, a number of additions and deletions had to be assumed in aligning these sequences, and even then the degree of identity between mitochondrial and eubacterial sequences was of a relatively low magnitude --in fact, no greater (and usually less) than that between eukaryotic cytosol and eubacterial sequences. In our alignment of the E. coli 16S and wheat mitochondrial 18S sequences, no additions or deletions (excluding the Shine-Dalgarno sequence) were necessary to achieve the demonstrated level of homology, which is significantly greater than that between either of these two sequences and wheat cytosol 18S rRNA.
Specific hybridization of E. col 1 rRNA probes to wheat mitochondrial rRNA genes is an additional Indication of the eubacterial nature of the latter. Although attempts to hybridize E. coli rRNAs to the mtDNA of other eukaryotes have not been reported, it is notable that no hybridization was observed between spinach chloroplast rRNAs and Acanthamoeba castelianii mtDNA under conditions in which the former hybridized extensively to E. coli rDNA [43] .
Post-transcript1onal modification patterns, although not yet definitively established, also support the eubacterial nature of wheat mitochondrial 18S rRNA. The apparent presence of the same modified nucleoside (m 3 U) at an identical position in E. coli 16S and wheat mitochondrial 18S rRNAs, but not in wheat cytosol 18S rRNA, is highly significant in view of the fact that this modified component 1s found in a "universal" Ti oligonucleotide (U*AACAAG) that is widely distributed in diverse eubacterial and chloroplast 16S rRNAs, but is absent from eukaryotic cytosol 18S rRNAs [44, 45] . Information about post-transcriptional modification in other mitochondrial rRNAs 1s still rather limited. However, available data do suggest that neither hamster [2,32] nor yeast [46] mitochondrial small subunit rRNA 1s modified at this position.
Decisions about the evolutionary origin of mitochondria, and whether this origin has been monophyletic or polyphyletic, are complicated by the demonstrably variable (and in some cases, quite rapid) rate of evolution of mtDNA [1] . In fungal and animal mitochondria, a rapid and variable rate of mutation fixation 1s manifested in a pronounced diversity in primary sequence, base composition, and size of the mitochondrial rRNAs [47] . In contrast, plant mitochondrial rRNAs are much less "atypical" in size and base composition, and only plant mitoribosomes contain a 5S rRNA [48] . As shown here, plant mitochondria now provide the strongest evidence (based not only on primary sequence but on post-transcriptional modification and rRNA-mtDNA hybridization, as well) that a mitochondrial rRNA is more closely related to its eubacterial homolog than is its counterpart in the cytoplasmic compartment of the same cell. If plant mtDNA is evolutionarily more conservative than the mtDNAs of other eukaryotes, as these observations might suggest, it should hold additional Important clues to the origin and subsequent evolution of mitochondria.
